ABSTRACT Our understanding of foraging and space use in Reticulitermes species is limited because their subterranean colonies are not associated with distinct physical nest structures and the colony afÞnity of workers cannot be readily identiÞed with behavioral assays. Recently, we found that in Reticulitermes flavipes (Kollar) colonies from Massachusetts, the average colony inbreeding coefÞ-cient, measured with Þve polymorphic allozymes, was signiÞcantly greater than zero for non-Mendelian colonies with worker genotypes corresponding with the offspring of multiple inbreeding secondary reproductives rather than male and female primary reproductives. Foraging groups of termites with positive inbreeding coefÞcients suggest that workers feeding at fallen trees and branches frequently originate from different reproductive centers. The positive inbreeding coefÞcients appear to result from foraging trafÞc and not from inbreeding among secondary reproductives. A positive correlation between colony inbreeding coefÞcients and colony foraging range for non-Mendelian colonies suggested that the number of separate reproductive centers and/or the allele frequency contrasts between reproductives from separate centers increased with the expansion of a colonyÕs foraging area. It is unlikely that an increase in the subdivision of breeding groups in a single reproductive center would closely coincide with an increase in foraging range. However, the extent of mixing between workers from neighboring colonies could have increased with foraging range expansion, especially given the apparent lack of nestmate discrimination in R. flavipes. Nevertheless, foragers from neighboring colonies have high genetic contrasts, and therefore appear to maintain distinct foraging areas.
THE NUTRITIONAL ECOLOGY of termites has played a signiÞcant role in shaping their evolution and colony organization (Shellman-Reeve 1997, Thorne 1997, Traniello and Leuthold 2000) . For example, the evolutionary shift from the one-piece nest lifetype in which the nest itself provides the colonyÕs nutritional sustenance to the use of extranidal food sources is associated with the evolution of a true worker caste, more complex nest architecture, the diversiÞcation of feeding strategies and the adaptive radiation of the higher termites (Abe 1987 , Noirot and Pasteels 1987 , Myles 1999 ). To understand colony structure and the organization of foraging in termites, it has been necessary to map both nest and feeding sites, frequently using behavioral assays of aggression to ascertain the colony afÞnity of a given nest or group of workers occupying a food source (Thorne and Haverty 1991, Traniello and Leuthold 2000) . Also, dye indicators and mark-release-recapture studies have been developed to attempt to census colonies, determine colony boundaries, and plot the distribution of foragers and other spatial aspects of resource use (Su et al. 1984 , Forschler and Townsend 1996 , Thorne et al. 1996 . Studies of termite foraging range generally offer static descriptions of colony nest and satellite subnest distribution Adams 1984, Adams and Levings 1987) and sometimes reveal the temporal dynamics of foraging range expansion and territoriality, similar to what has been described in ants Levings 1986, Adams 1990) . Colony structure and the spatial organization of foraging in termites is, nevertheless, poorly understood in comparison to other social insects.
One reason for the paucity of information in termite foraging dynamics is that termites often forage cryptically, rarely if ever visible to researchers. Subterranean termites, Reticulitermes spp., nest in the soil and feed in dead wood and other cellulosic materials on or near the soil surface, approaching their food sources from beneath (reviewed in Thorne et al. 1999) . Research difÞculties have been compounded because of the lack of nestmate recognition (Grace 1996 , Polizzi and Forschler 1998 , Thorne et al. 1999 Bulmer and Traniello 2002) , which prevents determination of col-ony identity and foraging range. Thus, little is known about the foraging ecology of Reticulitermes.
A limited number of studies have employed molecular markers to investigate colony organization in termites. Molecular techniques, including DNA Þnger-printing (Husseneder et al. 1998 , Husseneder and Grace 2001 , Shellman-Reeve 2001 , DNA microsatellites (Vargo 2000) , allozymes (Clé ment 1981; Reilly 1987; Hebert 1998a, 1998b; Bulmer et al. 2001) , and methods for analyzing variation in mitochondrial DNA (Atkinson and Adams 1997, Jenkins et al. 1999 ) have primarily been used to investigate breeding and dispersal among the reproductives. Codominant molecular markers are particularly useful for studying termite breeding structure because these markers can be used to calculate WrightÕs F statistics, coefÞcients of inbreeding that reßect the dispersal and mating patterns of the reproductives (Thorne et al. 1999 ). In addition, worker trafÞc among feeding sites and nests may inßuence colony genetic organization, including measures of inbreeding. The commingling of workers from separate reproductive groups with different genotypic frequencies can result in an inbreeding effect known as WahlundÕs principle (Hartl and Clark 1989) . Homozygosity in relation to HardyWeinberg equilibrium is greater in the mixed group than the average homozygosity in separate groups.
Reticulitermes colonies are founded by primary reproductives that are eventually replaced or supplemented by secondary reproductives. The colony inbreeding coefÞcient, F IC , reßects this transition because it increases with inbreeding among secondary reproductives. Simulations of different breeding scenarios have shown that random breeding among secondary reproductives can raise F IC from a value of Ϫ0.33, associated with colonies headed by primary reproductives, to zero (Thorne et al. 1999; Bulmer et al. 2001) . Inbreeding among secondaries raises the population-inbreeding coefÞcient, F IT , above zero but does not raise F IC above zero. However, simulations have shown that commingling of workers originating from separate reproductive centers can result in positive F IC values. A positive F IC value for a single collection of foraging workers suggests that the collection is composed of the offspring of different sets of reproductives, which may or may not be afÞliated with the same colony. An increase in F IC may correlate with an increase in foraging range when food sources are more likely to be shared by workers from separate reproductive centers or colonies.
Positive colony inbreeding coefÞcients may be a common characteristic among some Reticulitermes populations, especially when weather and geological conditions are favorable for foraging range expansion. The average colony inbreeding coefÞcient was positive in a Reticulitermes flavipes study site in Massachusetts, which appeared to be largely free of barriers, such as standing water or rocks, that may prevent subterranean expansion of foraging range. However, the inbreeding coefÞcient was close to zero in a second site with areas of standing water and multiple granite outcrops (Bulmer et al. 2001 ). The average colony inbreeding coefÞcient was substantially lower in R. flavipes from Massachusetts than R. flavipes from Tennessee where warmer conditions may be conducive to foraging range expansion (compare Reilly 1987 and Bulmer et al. 2001) . Results from ClementÕs studies (1981, 1986) of European Reticulitermes suggest that colonies with an excess of homozygotes relative to expectations under Hardy-Weinberg equilibrium, which is equivalent to observing positive colony inbreeding coefÞcients, may be more common in regions with soil conditions that are conducive to foraging at multiple feeding sites.
In the current study we combined data from two R. flavipes study sites (Bulmer et al. 2001 ) plus an additional new study site in Boston, MA, to examine both the prevalence of colonies with positive inbreeding coefÞcients and the association between colony inbreeding coefÞcients and foraging range. Our results provide insight into the foraging dynamics of Reticulitermes.
Materials and Methods
Termite Collection. Workers were collected at the soil wood interface during May (1997 May ( -1999 while attempting to identify and sample exhaustively all R. ßavipes feeding sites within our study areas. Small groups (50 Ð100) of termites, restricted in space under logs, were collected to avoid combining termites from distinct galleries that might lie close to each other. Reticulitermes do not construct readily identiÞable nests (Thorne et al. 1999 ) and our collection points appeared to represent feeding sites rather than reproductive centers. Termites were sampled from three sites situated in secondary growth oak forest. Site G and S were located in Middlesex Fells, Medford, MA; and site B was located in Stonybrook Reservation, Boston, MA. Site B contained 14 collection points in a 220 by 50-m area, site G contained 25 collection points in a 180 by 80-m area, and site S contained 13 collection points in a 200 by 50-m area. Sites G and S were separated by 0.7 km and sites G and S were separated from site B by 27 km.
Genetic Analysis. Five polymorphic loci (est1, est2, pgm, mdh, gpi) were analyzed in 15Ð30 termites (n ϭ 1,134 total) at each collection point (Werth 1985 , Murphy et al. 1990 ). Patterns of polymorphism were used to calculate WrightÕs (1951) F statistics, using the methods of Weir and Cockerham (1984) and the genetic data analysis program (GDA) of Lewis and Zaykin, version 1.0, d 12 (2001) . F IT was used to measure total inbreeding; this estimator was partitioned into inbreeding within collection points (F IC ) and the inbreeding effect resulting from genetic differentiation between collection points (F CT ). The 95% conÞdence intervals for all observed F statistics were calculated by bootstrapping over loci (1,000 replicates, Lewis and Zaykin 2001) .
Estimating Colony Foraging Area. Termites collected at a sampling point were considered to be afÞliated with a given colony if F CT , which measured genetic differentiation between collection points, was not signiÞcantly different from zero (i.e., 95% conÞ-dence intervals did not overlap with zero). F CT was measured between all possible combinations of collection point pairs at each site and was found to be below 0.05 and nonsigniÞcant only in cases where collection points were neighbors. Collection points, therefore, did not appear to share similar genotypes by chance, i.e., we found no ambiguous cases where nonneighboring collection points appeared to be afÞliated with the same colony. Variation in mitochondrial DNA markers provided additional support for our colony designations (described in Bulmer et al. 2001) . The maximum linear distance between collection points afÞliated with the same colony was used to estimate foraging range. In addition, for colonies that were composed of three or more collection points (n ϭ 4), we estimated the area encompassed by nonintersecting lines drawn between collection points and adjusted so that they did not overlap with neighboring collection points afÞliated with different colonies.
Determining the Reproductive Composition of Colonies. Colonies were designated as Mendelian families if chi-square tests failed to reject (at the 5% level at each polymorphic locus) the hypothesis that a colony had genotypic frequencies corresponding with the offspring of a monogamous reproductive pair. All colonies had a least one polymorphic allozyme (Table 1 ) and the average proportion of polymorphic loci among the Þve loci at each colony was 0.625. In a hypothetical population of colonies composed of randomly mated primary reproductives, the colony inbreeding coefÞcient, F IC , equals Ϫ0.33 (Michod 1980 , Reilly 1987 , Thorne et al. 1999 , Bulmer et al. 2001 . F IC values supported our Mendelian colony designations. Nine of 10 Mendelian colonies had F IC values equal to or below Ð 0.20 (Table 1 ) and the average F IC was Ϫ0.35 (95% conÞdence intervals, Ϫ0.45 to Ϫ0.25) among workers in the Mendelian colonies. We found a male and physogastric female primary reproductive together with their offspring in two colonies, located a short distance from our study sites in the Middlesex Fells (both sets of primaries were discovered in Spring under small ßat rocks). In support of the Mendelian colony designations, the average F IC was Ϫ0.34 (95% conÞdence intervals, Ϫ0.44 to Ϫ0.26) among the primariesÕ progeny in these colonies. Simulations of breeding schemes have shown that inbreeding among replacement reproductives quickly raises F IC close to zero (Thorne et al. 1999 ). In support, we found a colony with Þve physogastric neotenics together with their offspring. The F IC among the neotenicsÕ progeny was Ð 0.02 (95% conÞdence intervals, Ϫ0.31Ð 0.21).
Results
Seventeen of 31 colonies in all three sites (55%) had positive F IC values. Most non-Mendelian colonies had positive F IC values (17 of 21) and 95% CI for the average measure of F IC (0.10) among non-Mendelian colonies did not overlap with zero (0.04 Ð 0.13). Positive F IC values were not an artifact of assigning termites sampled at different collection points to colonies; the average estimate of F IC did not increase as a result of afÞliating collection points with larger nonMendelian colonies (F IC was 0.10 for both collection points and colonies). F IC values were equivalent among collection points assigned to the same colony apparently because worker trafÞc homogenized genetic differentiation among a colonyÕs separate reproductive centers. The F IC value represents the inbreeding coefÞcient for a single colony and is not affected by genetic differentiation among colonies or sites.
Nine of 17 colonies (53%) with positive F IC values were represented by two or more collection points. However, most colonies with negative F IC values were represented by single collection points; two of 14 colonies (14%) with negative F IC values were represented by two collection points (Ͻ7 m apart) and only one of 10 Mendelian colonies (ϫ1m) was represented by two collection points. Six of the remaining eight colonies with positive F IC values and represented by single collection points were located at the edge of the study sites and may have been associated with larger colonies bordering the sites. One interior colony with a positive F IC value and represented by a single collection point was found in two different locations separated by 27 m in 1996 and 1998 (Bulmer et al. 2001) .
Four non-Mendelian colonies had three or more collection points sufÞciently dispersed so that their foraging areas could be estimated. A regression of colony area on maximum linear distance (R ϭ 0.99, P Ͻ 0.01) was used to estimate foraging area for the remaining non-Mendelian colonies composed of two collection points (n ϭ 6). There was a signiÞcant correlation between colony F IC values and maximum linear distance or area (R ϭ 0.607, P ϭ 0.0476 or R ϭ 0.606, P ϭ 0.0483, respectively) among non-Mendelian colonies composed of two or more collection points. However, one of these colonies (M6) had two collection points separated by a large granite outcrop; the collection points directly abutted the rock. The other colonies did not have prominent surface features such as standing water or granite outcrops within their estimated foraging area that could restrict subterranean movement. A plot of F IC and foraging range indicated that colony M6 was an outlier (Fig. 1, upper left-hand corner). After this colony was removed from the regression analysis, the correlation of F IC and maximum linear distance (R ϭ 0.83, P ϭ 0.005) and area (R ϭ 0.86, P ϭ 0.003) increased substantially.
Discussion
Our collections appear to represent feeding sites rather than reproductive centers and positive F IC values suggest that workers at many feeding sites originate from different centers. Separate reproductive centers or "satellite nests" may develop among patchily distributed feeding sites such as scattered logs, especially if workers and nymphs occupying feeding sites become temporarily isolated from their colony of origin (Thorne et al. 1999 ). Most secondary reproductives or neotenics in R. flavipes develop from the nymphal line leading to alates rather than from the worker line (Noirot and Pasteels 1987) . However, early to mid-instar nymphs as well as workers may participate in foraging and have been found among dispersed pine stake baits associated with same colony (Howard et al. 1982) . Nymphs and workers distributed among semi-isolated feeding sites may receive lower titers of pheromones that usually suppress reproductive development (Lü scher 1960).
The positive correlation between F IC values and colony foraging range (Fig. 1) suggests that the number of separate reproductive centers and/or the allele frequency contrast between reproductives from separate centers increased with the expansion of a colonyÕs foraging area. It is unlikely that an increase in subdivision of breeding groups in a common reproductive center, which could also lead to positive F IC values among workers, would coincide closely with an increase in foraging range. However, the location of the reproductive centers is unclear; there are no recognizable structures that could be considered as nests (Thorne et al. 1999) . We have occasionally found neotenics, young instars and eggs several feet below the surface under stumps. Reproductive centers could be mobile as long as neotenic trafÞc between different centers is restricted; neotenic trafÞc between centers and subsequent inter-breeding would reduce F IC toward zero.
Our estimates of a colonyÕs foraging range do not consider three-dimensional structure. Nevertheless, the association between F IC and spatial range suggests that an important component to colony growth is lateral spread (see also Traniello and Leuthold 2000) , which allows foraging workers to exploit new logs on the surface. The development of separate reproductive centers may facilitate expansion. The lateral spread of colony M6 appeared to be impeded by a large granite outcrop and the linear distance between collection points may have signiÞcantly underestimated this colonyÕs foraging range. The association between F IC and foraging range (maximum linear distance or area) improved substantially when colony M6 was removed from the analysis.
Positive F IC values could have also resulted if workers from neighboring colonies intermingled at common foraging sites (sensu Clé ment 1986) and mixing increased as colonies expanded their foraging range. Intercolony mixing at foraging sites would make colony boundaries indistinct and increase the chance that neighboring colonies were mistakenly afÞliated with the same colony. We have occasionally found mixed mitochondrial DNA haplotypes at our collection sites, which lends support to the intercolony mixing hypothesis (Bulmer et al. 2001 , see also Jenkins et al. 1999) . However, extensive mixing did not appear to occur among foraging workers from different colonies. Colonies could be readily distinguished by their allozyme genotypes and the average relatedness between individuals from a colony and the nearest neighboring colony was zero (Bulmer et al. 2001 ).
An allozyme study revealed considerable variation in the colony structure of different populations and species of European Reticulitermes (Clé ment 1981). This included variation in the number of colonies with Mendelian genotypic frequencies and colonies with positive F IC values (reported as colonies with an excess of homozygotes relative to Hardy-Weinberg equilibrium). The degree of conspeciÞc agonism between termites from separate colonies also varied among these European Reticulitermes (Clé ment 1986). Clé ment suggested that there may be worker exchange between separate colonies in species such as R. santonensis with an apparent inability to discriminate nestmates from non-nestmates. R. santonensis is also striking among European Reticulitermes because most colonies (57%) appear to have an excess of homozygotes relative to Hardy-Weinberg equilibrium. Worker exchange between neighboring colonies could result in an excess of homozygotes due to the Wahlund effect. However, our analysis of R. flavipes suggests that the excess of homozygotes relative to Hardy-Weinberg equilibrium may have resulted from worker trafÞc among reproductive centers in polydomous colonies rather than between separate colonies.
There appear to be close parallels in colony organization between Massachusetts R. flavipes and R. santonensis, notably, the apparent lack of nestmate discrimination and the prevalence of colonies with positive F IC values. Moreover, recent phylogenetic evidence (Jenkins et al. 2001 ) and the distribution of R. santonensis colonies in northern France (Vieau 2001) suggest that R. flavipes and R. santonensis may be the same or very closely related species. Clé ment (1981) observed an excess of homozygotes relative to Hardy-Weinberg equilibrium among colonies (from 0 to 12%) in other populations of R. lucifugus. There is seasonal variation in nestmate agonism in R. lucifugus, however, all populations show inter-colony agonism in winter. Therefore, the occurrence of colonies with an excess of homozygotes does not strictly appear to be associated with a lack of nestmate agonism. If nestmates are to maintain their kinship and the beneÞts of indirect selection they should avoid mixing with nonnestmates, which suggests that the Wahlund effect in Reticulitermes may often be due to foraging trafÞc in complex colonies with multiple reproductive centers rather than mixing between separate colonies.
